Introduction
Nitride materials form an important class of solidstate compounds with useful functional properties, ranging from refractory ceramics such as Si 3 N 4 and AlN, to (Ga,In,Al)N wide-gap semiconductors, high-T c superconductors (NbN) and high-hardness metallic nitrides (MoN, TiN), that are also useful catalysts. However, despite major advances made over the past two decades, the field of nitride solid-state chemistry remains under-explored compared with that of oxide materials [1] [2] [3] . Transition metal nitrides tend to form compounds dominated by intermetallic bonding and they do not typically achieve the highest oxidation states found among corresponding oxide compounds (e.g. TiN versus TiO 2 ; MoN versus MoO 3 , etc.). Researchers have applied various chemical synthesis and physical vapour deposition techniques, as well as high pressure-high temperature (HPHT) approaches to explore and attempt to achieve novel nitride phases with higher nitrogen/metal (N/M) contents [1] . These studies have been greatly facilitated by synchrotron X-ray diffraction, as well as by neutron scattering techniques to investigate the progress of the reactions and the structures formed. Work on main group nitrides has focused on materials and compounds formed with groups 13-15 elements, including Si, Ge and Ga, that give rise to wide-gap semiconducting ceramics [2] . Here synchrotron X-ray diffraction and investigations of the electronic structure using X-ray absorption (XAS) and emission measurements combined with ab initio theoretical calculations have been key to exploring and establishing the optoelectronic properties of this potentially important family of materials. Studies designed to produce new sp 3 -bonded forms of the hypothetical carbon nitride C 3 N 4 were motivated by theoretical predictions that an ultralow compressibility phase with 'superhard' properties possibly competitive with diamond might exist [4, 5] . Despite many studies combining HPHT synthesis with synchrotron X-ray diffraction and spectroscopy, the formation of this phase remains elusive. However, the related sp 3 -bonded C 2 N 3 H phase formed at HPHT followed by its recovery to ambient conditions was established using synchrotron XRD, combined with ab initio theory and laboratory spectroscopy experiments [6, 7] . In other work, compression studies carried out on the layered polytriazine imide (PTI) phase C 6 N 9 H 3 .HCl showed that layer buckling accompanied by interlayer C-N bonding occurs at high pressure, leading to a new family of pillared-layered solids [8] . Laser heating samples of the recently reported graphitic C 3 N 4 compressed to 40 GPa has led to a new family of openframework structures with mixed sp 2 /sp 3 bonding, identified using ab initio random structure searching (AIRSS) methods [9, 10] , opening up a new area in carbon nitride solid-state chemistry. Layered to polymeric carbon nitrides prepared at near-ambient conditions show potential for intercalating Li + ions or anchoring electrocatalytically active Pt and other metal nanoparticles, for energy storage and conversion applications [11] [12] [13] [14] . Studies of the oxidation state changes and charge transfer processes involving the catalytic nanoparticles and their interactions with the support materials are now being investigated using in situ/operando X-ray scattering under electrochemical test conditions. Crystalline PTI-structured carbon nitride samples are also being studied using a combination of X-ray and neutron scattering, leading to a detailed analysis of the local and extended range structures. These crystalline PTI phases undergo spontaneous exfolation and dissolution into polar solvents, producing few-layer g-C x N y nanosheets as 'inks' that can then be evaporated and deposited as crystalline nanodots with variable layer stacking on different surfaces [15] [16] [17] . The dissolution mechanisms and structure of the nanomaterials in solution, as well as of the re-deposited nanoflakes, are now being investigated using synchrotron X-ray and neutron scattering techniques, combined with ab initio calculations. Here, we describe some of the work we have carried out on these nitride systems, using synchrotron sources ranging from Brookhaven NSLS and Daresbury SLS, to Diamond Light Source, ESRF and APS. We highlight some of the results we obtained initially at the '2G' instruments, that became significantly improved when we began to access '3G' sources with enhanced sample environment and experimental capabilities. Here, we note some intriguing preliminary results that have been presented in PhD theses from our UCL group that point to new areas for future exploration. As we enter a period of major upgrades to existing synchrotron sources to improve their brightness, reduce the volume sampled to nanoscale dimensions and enable new types of diffraction, imaging and spectroscopic experiments, we expect that a new generation of studies will reveal presently unsuspected structures, functional properties and chemical reactivity. Associating these studies with new capabilities to investigate small samples held under extreme high-P conditions using neutron diffraction and scattering techniques will particularly expand the range of our understanding of the structures and dynamics of these compounds that often incorporate light elements along with high-Z metal atoms. Finally, new '4G' free-electron laser light sources developed both as large national or international facilities, or in laboratory-scale environments, provide a high degree of spatial and temporal coherence that will permit new studies of structural transformations, reaction dynamics and physical property responses to external stimuli on a femtosecond to sub-femtosecond time scale [18] [19] [20] [21] [22] [23] [24] [25] .
Transition metal nitrides
The main families of transition metal nitrides along with corresponding carbides and carbonitride solid solutions form highly refractory, high-hardness metallic materials that often have substoichiometric as well as variable metal/nitrogen (M/N) ratios. These materials have applications as abrasives and for their electronic properties, including high-T c superconductivity, as well as catalytic activity. NbN achieves T c = 17 K and is used in superconducting coils and antenna devices. It has been predicted that a corresponding γ-MoN phase with the cubic rocksalt structure might achieve T c values up to approximately 30 K, and there have been many attempts to prepare and characterize such a material. However, the limiting composition found in most studies to date has been close to MoN 0.5 , consistent with theoretical predictions that the fully stoichiometric rocksalt structure would be dynamically unstable [26, 27] . Samples of the cubic phase synthesized using HPHT techniques were shown to achieve T c values up to approximately 5 K depending on the ordering pattern of N-site vacancies, studied using a combination of Xray and neutron diffraction [26] [27] [28] [29] . However, recent results suggest that a cubic phase with 1 : 1 stoichiometry might be formed, perhaps stabilized by magnetic ordering effects [30] . The well-known stoichiometric δ-MoN phase adopts a hexagonal layered structure that achieves T c values between 4-15 K, depending on ordering of the N atoms on the anion sites [31] . Other MoN phases with stoichiometries extending up to MoN 2 have been reported, including from HPHT synthesis reactions [1, 32] . Several of these compounds have been reported to be useful for hydrogenation catalysis [32] . In future work, it will be useful to explore the N stoichiometry and ordering behaviour of cubic and hexagonal phases using a combination of synchrotron Xray and neutron diffraction including in situ following HPHT synthesis and during recovery, to establish correlations between the structures and synthesis conditions, and the superconducting and catalytic properties.
We used synchrotron X-ray diffraction in the diamond anvil cell to investigate the compressibilities of several high-hardness nitrides [33, 34] ). Because of the low compressibility values, it is often thought essential to measure the diffraction patterns and unit cell parameters of such phases over a wide pressure range to obtain reliable V(P) fits [33] . However, the P-V data are readily transformed into the corresponding Eulerian stress (F) and finite strain (f V ) variables:
The resulting F(f ) plot reveals a linear relationship with intercept as F → 0 at the value of K 0 , the zero pressure bulk modulus (or K P , if the reference volume is taken at another pressure [35, 36] ) and slope K 0 , its pressure derivative (that is typically approximated to a value of 4, in a third-order Birch-Murnaghan fitting procedure to the nonlinear V(P) relation). The F-f plot relies mainly on high-quality data obtained in the lower pressure regime, that is an advantage for experimental studies. It also reveals the presence of underlying phase transitions or other structural transformation events that can be difficult to detect from a nonlinear P-V plot of the compressibility data [35, 36] . During compression studies of powdered or polycrystalline samples of mechanically resistant materials, it is important to recognize that the stress-strain relations within individual grains or structural domains may be mainly imposed by intergrain contacts, rather than the hydrostatic qualities of the pressure-transmitting medium (PTM), and this may lead to anomalously high bulk modulus values [33] . In our angle-dispersive synchrotron XRD study of ε-TaN compressed in NaCl, we observed broadening of the diffraction peaks occurring above 10-15 GPa that could have been due to non-isotropic strains caused by this effect. However, the diffraction lines for small crystals of Au mixed intimately with the sample and used as a pressure standard did not show any broadening, and it was suggested that perhaps some structural disordering process was occurring within the ε-TaN crystal lattice [33] . Raman spectroscopic data collected up to 58 GPa revealed an unexpected crossover in the ν(P) relations for the Ta-N stretching modes at approximately 20 GPa, suggesting the possibility of a displacive event involving the N atom positions [33] . The ε-TaN structure has P62m symmetry with Ta atoms on 1a (D 3 h ) and 2d (C 3 h ) Wyckoff sites, and N atoms on 3f (C 2v ) positions. Within the unit cell, the N positions along the a-axis direction are not constrained by symmetry and could re-adjust during compression. However, X-ray diffraction data do not give information on the N atom positions because of the much stronger scattering from the high-Z metal atoms. We investigated this problem using energy-dispersive XAS with analysis of the extended X-ray absorption fine structure (EXAFS) data at ESRF beamline ID24 [37, 38] . Modelling the results using selected Ta . . . N scattering paths showed that the N atomic positions along the a-axis changed during compression to reach a fractional coordinate 0.401 by 35 GPa that had still not achieved an ideal value of 0.5 in the centre of the unit cell adge defined by Ta . . . Ta distances (figure 1). That observation supports the idea that broadening in the XRD data could be associated with internal disorder within the structure, associated with variability in the Ta-N bond lengths, and resulting lowered change in the first-shell Ta-N distances with pressure might contribute to the anomalous behaviour of the Ta-N stretching frequencies. This work that was described in the PhD thesis of K. E. Woodhead [37] indicates how high-pressure XAS/EXAFS, XRD and Raman scattering data can be usefully combined to identify and address structural problems including local site ordering in systems containing a mixture of high-and low-Z elements, in a high-pressure range that is only beginning to be accessible to neutron scattering studies [35] .
In 1999, independent studies using synchrotron X-ray diffraction and Raman spectroscopy first revealed the cubic spinel-structured (γ−) polymorphs of the ceramic phases Si 3 N 4 and Ge 3 N 4 [39, 40] . These constituted the first examples of the new class of nitride spinels, that were soon joined by the remaining group 14 member Sn 3 N 4 , initially prepared by chemical reaction techniques at near-ambient conditions [41] and later by HPHT synthesis [42] . The new nitride spinels have potentially useful optoelectronic properties including wide, direct bandgaps in the blue-UV range, comparable with (Ga,In,Al)N solid solutions [43] [44] [45] . The first observations of γ-Si 3 N 4 and γ-Ge 3 N 4 using diamond anvil cell techniques were complemented by large volume press syntheses that allowed structure determination by Rietveld refinement of powder X-ray diffraction data [39, 40] , and later led to preparation of γ-(Si,Ge) 3 N 4 solid solutions and intermediate compounds [46] . Synchrotron X-ray emission and absorption (XES/XAS) studies were combined with ab initio theoretical calculations to understand the ground and excited state electronic structures and evaluation of the bandgap properties [44, 45] . Recent laboratory investigations of the optical properties of Sn 3 N 4 are now revealing pressure-induced tuning of the bandgap between 1.3 and 3.0 eV under compression up to 100 GPa, leading to the possibility for controlling the optoelectronic properties via strain engineering [47] . Attention later focused on mixed-anion oxynitride spinels in the Si-Al-O-N and Ga-O-N systems [48] [49] [50] [51] , using synchrotron XAS to characterize the local structure around the Al 3+ cations [52] . In our work, we used a combination of laser-heated diamond anvil cell (DAC) and multi-anvil synthesis techniques to prepare Ga 3 O 3 N samples that were characterized using Raman spectroscopy and synchrotron X-ray diffraction. Rietveld analysis of the angle-dispersive data showed a deficiency of Ga on the octahedral sites and O/N disorder on the anion sites [50] . Experiments to further develop and understand the crystal chemistry of nitride and oxynitride spinels are now underway worldwide, using advanced synchrotron-based techniques to examine the structures and their optoelectronic properties [53] .
Shortly after observation of the first nitride spinels, theoretical studies began to predict the possible occurrence of spinel-structured nitrides containing transition metal cations including Fe, Mn and Ti [54] [55] [56] . Such materials are potentially important as the functional (e.g. magnetic, catalytic) properties of oxide spinels are mainly determined by the presence of transition metal ions within the structures. In the case of titanium nitride 4 , it had been observed that polymerization of Ti alkylammonium precursors (Ti(NMe 2 ) 4 or Ti(NEt 2 ) 4 ) in liquid NH 3 yielded X-ray amorphous products with N-rich compositions Ti 3 (N,C) 4 [57] . In collaboration with the group of A. Hector in Southampton, we repeated these experiments and annealed the resulting compounds in N 2 atmospheres to produce amorphous to nanocrystalline solids with compositions near Ti 3 (C 0.17 N 0.78 H 0.05 ) 3.96 . These were then studied using XAS/EXAFS techniques at Daresbury SRS (station 7.1) [58] . The results showed that the Ti-N bond lengths corresponded to those expected for octahedrally bonded units, but with an initial average coordination number near 4.5, while the second-nearest neighbour coordination was approximately 5.5. These results indicated that the Ti 3 (N,C) 4 compound produced was based on a defective NaCl-structured lattice, containing approximately 40% vacancies on the metal (Ti) sites and approximately 50% vacancies on the anion (N,C) sites. Continued annealing to above 700°C resulted in a gradual increase in the TiN 6 coordination number and a jump in the second neighbour coordination to approximately 12, associated with final densification into the rocksalt-structured TiN phase [58] . Laser-heated DAC studies then showed the formation of Zr 3 N 4 and Hf 3 N 4 with the cubic Th 3 N 4 structure by direct combination between the elements under HPHT conditions [59] . In our work we explored the formation of additional dense Hf 3 N 4 and Ta 3 N 5 polymorphs by compressing and laser heating the amorphous/nanocrystaline precursors obtained from organometallic precursor reactions, using synchrotron XRD to identify the new phases formed and assign their structures [60, 61] . Kroll had previously reported DFT calculations of the relative energetics of different Ti 3 N 4 , Hf 3 N 4 , Zr 3 N 4 polymorphs as a function of pressure [62] . In that work, it was predicted that a 'defective' NaCl-structured Ti 3 N 4 phase should occur at highest energy, whereas the cubic Th 3 N 4 -structured phase should become stabilized above 15 GPa, while the spinel-structured form would remain metastable throughout the pressure range. A recent publication has now reported the HPHT synthesis of Ti 3 N 4 with the cubic Th 3 P 4 structure formed by reacting TiN and N 2 in a laser-heated DAC at approximately 75 GPa and 2400 K [63] .
We investigated the transformation behaviour of our amorphous to nanocrystalline Ti 3 (N,C) 4 samples first at high pressure, and then following HPHT treatment, using a combination of synchrotron XRD and Raman scattering. In an initial Raman study at ambient temperature, we observed that the very broad, weak features of the amorphous to nanocrystalline starting material evolved into broad bands that could be associated with acoustic phonon density of Figure 2 . Results of compression and laser heating under high-P conditions of an amorphous to nanocrystalline Ti 3 (N,C) 4 sample prepared from precursors [58, 64, 65] . (a) Synchrotron X-ray diffraction carried out at DLS I15 (λ = 0.442110 Å) for an amorphous/nanocrystalline Ti 3 (N,C) 4 sample at ambient T up to 17 GPa, and then following CO 2 laser heating at UCL at 17 GPa, and subsequently increasing the pressure to 28 GPa (from PhD thesis of Ashkan Salamat (UCL), [65] ). (b) The evolution of the synchrotron XRD pattern during decompression from 27 GPa to ambient for the recrystallized Ti 3 (N,C) 4 sample following the laser heating experiment [65] .
state signatures of the defective rocksalt structure. These then reverted to the initial broad 'amorphous' signal upon decompression (see fig. 4 in [64] ). In a second experiment, laser heating to 1000-1400 K at 17.4 GPa in our UCL laboratory caused an additional Raman band to appear near 500 cm −1 [64] . However, synchrotron studies carried out at APS using a high power Nd 3+ :YAG laser to heat the samples at 19 GPa found only XRD peaks for the rocksalt structured phase [64] . Further results were reported in the PhD thesis of Dr Ashkan Salamat (now at University of Nevada, Las Vegas) [65] . Ti 3 (N,C) 4 precursor samples were loaded into a DAC, pressurized to 17 GPa using N 2 as a pressure medium, and heated 'gently' using a CO 2 laser (λ = 10.6 µm) installed in our UCL laboratory [50, 66] , using Raman spectroscopy to monitor the structural changes. Once the characteristic 500 cm −1 band had appeared in the spectrum, the sample was transported to DLS (beamline I15) for a previously scheduled experiment (on-line DAC laser heating has only recently been installed at the beamline). The XRD pattern showed the appearance of 13 new crystalline peaks that could not be indexed to any single new phase (figure 2). While at the beamline, the pressure was increased to 28 GPa, but without further heating, prior to decompression at ambient T. The XRD pattern exhibited changes in the relative peak intensities, but no satisfactory structure solution could be obtained. It was apparent that a mixture of crystalline phases had been produced. As the sample was decompressed, several peaks disappeared until by 5.3 GPa only four main peaks remained with d spacings of 2.115, 2.446, 2.546 and 3.511 Å. After decompressing to 3.3 GPa, these peaks began to develop weak shoulders that grew into separate reflections as final pressure release occurred (figure 2). These could indicate either structural distortion within the initial main phase, or else appearance of a different Ti x N y polymorph. It is also important to note that the '4-peak' pattern that remains following decompression to below 9.5 GPa is actually present in the XRD data for the laser-heated material compressed at 17 GPa and above. Le Bail refinement of the XRD data for the material decompressed to approximately 3 GPa could be indexed within orthorhombic space group Pmc2 with lattice parameters a = 4.012 Å, b = 3.513 Å, c = 4.888 Å (V 0 = 68.873 Å: R wp 6.21). The pattern did not fit at all with that estimated for spinel-structured Ti 3 N 4 , and the refined cell volume is approximately 10% smaller than that of B1-structured TiN x [65] . The peaks appearing near 9 and 12 o 2θ could correspond to a rocksalt structured Ti x N y phase, but the relative intensities are perturbed and additional peaks near 7 and 10. routes to achieve designed initial stoichiometries that can examined by HPHT experiments at synchrotron beamlines.
High-density carbon nitrides
Research into solid state and polymeric carbon nitride compounds began in the early to mid1800s as chemists including Berzelius, Wohler and Liebig first sought to expand and establish the field of cyanogen chemistry [14, 67] . The earliest studies concerned the thermal decomposition of Hg(SCN) 2 leading to an H-free phase predicted to have C 3 N 4 stoichiometry. Liebig concentrated his initial studies on the corresponding isothiocyanate system containing NH 4 + cations, and produced a range of polymeric solids with different C x N y H z compositions. His analyses revealed one compound with composition near C 2 N 3 H that he named 'melon', and this terminology was then applied to the series of materials designated 'melem', 'melamine', etc. [68] . Discussions about the nature of these polymeric solids attracted the attention of chemists and crystallographers, including L. Pauling, who first deduced that they should be based on the tri-s-triazine (heptazine, C 6 N 7 ) core rather than simply linking together independent triazine (C 3 N 3 ) ring units [69] . The structure of Liebig's melon was only determined recently using a combination of spectroscopic, imaging, diffraction and computational techniques, to show that it indeed consisted of ribbon-like structures based on polyheptazine (PH) units linked by -NH-groups and containing terminal -NH 2 species that engaged in H-bonding between the PH chains [68] . The field attracted relatively little attention until the 1980s when it was predicted theoretically that an sp 3 -bonded C 3 N 4 phase initially suggested to have a Si 3 N 4 structure would have low compressibility and potentially high hardness, potentially competitive with diamond [4, 5] . That suggestion motivated many attempts to synthesize dense carbon nitrides, using chemical and physical vapour deposition (CVD) as well as HPHT techniques. However, that goal has still not been achieved. In collaboration with research teams in Darmstadt and Mainz (Germany), our group investigated laser heating the carbon nitride precursor dicyandiamide (DCDA, C 2 N 4 H 4 ) in a DAC [6] . Below 27 GPa only a black amorphous product was found that was presumed to correspond to graphitization of the sample, but above this pressure, transparent regions containing crystalline Raman peaks were observed in those parts of the sample that had been laser heated to greater than 1700°C [6] . After decompression to ambient conditions, a small number of single crystals could be extracted from the sample. Chemical analysis using a combination of TEM EELS and nano-SIMS showed the composition to be C 2 N 3 H, and electron diffraction. DFT results indicated a defective wurtzite (dwur) structure with tetrahedral sites occupied by sp 3 -bonded C and N (figure 3). One empty C site was occupied by H that had moved off-centre to form an N-H bond. The crystalline compound could also be formulated as carbon nitride imide, C 2 N 2 (NH), isostructural with Si 2 N 2 (NH) and the mineral sinoite (Si 2 N 2 O), that were already well-known phases.
We made several attempts to study this material formed under HPHT conditions using XRD at Daresbury SRS, but the presence of only light elements within this phase made the task difficult during the beamtime available at the 2G synchrotron light source [70] . However, later X-ray experiments at Diamond I15 and at the ESRF (ID27) proved successful [7] . These studies importantly demonstrated that the reaction proceeded via loss of the NH 3 component from the C 2 N 4 H 4 precursor, both by recording XRD from the condensed solid at high pressure, and observation of a bubble formed during the last stages of decompression that escaped from the cell during pressure release [7, 65] . The diffraction pattern corresponded to that of the Cmc2 1 structure established from the recovered phase and DFT calculations in the previous study. Our new work permitted us to establish that no structural transformations occurred during decompression and also provided bulk modulus parameters for the new dwur-C 2 N 3 H phase [7] . The dwur-structured C 2 N 3 H phase remains the only fully sp 3 -bonded carbon nitride structure that has been properly established to date.
Our laboratory-based spectroscopic and synchrotron X-ray studies also allowed us to observe that additional stable or metastable C x N y or C x N y H z crystalline phases must be present within (i) Spectra obtained after extended LH are dominated by a strong peak at 570-580 cm −1 due to the dwur-C 2 N 4 H 4 phase identified by DFT calculations [7] . (ii) Spectra obtained after short periods of LH are instead dominated by a peak at 875-885 cm −1 that does not appear in the dwur-C 2 N 4 H 4 spectrum. (iii) Spectra collected for intermediate heating periods contain both peaks, as reported in the original publication [6, 7, 65] . In most cases a broad feature is observed in the 300-400 cm −1 region that we assign to amorphous C-N-H material that did not fully crystallized during the HPHT synthesis experiment. (b) Synchrotron XRD data collected following LH-DAC synthesis of dwur-C 2 N 4 H 4 at 40 GPa. (i) Data collected following extended LH shows the expected reflections for the dwur-C 2 N 3 H phase.
(ii) Data collected after a short LH period contains additional diffraction lines indicating formation of an intermediate crystalline phase [65] .
the system (figure 3). In our initial Raman data obtained at UCL and MPI Mainz, we observed sharp peaks at 577 and 874 cm −1 along with a broader asymmetric band at 770 cm −1 that showed variable intensity between different runs [6] . We suggested that this likely indicated a transient metastable structure formed during polymerization of the C 2 N 4 H 4 precursor. In subsequent work, we also determined that the 577 and 874 cm −1 peaks correspond to two different phases, because their relative intensities varied systematically with the duration of LH-DAC heating runs [7, 65] . Sychrotron X-ray diffraction indicated three peaks near 3.2, 6.4 and 9 o 2θ (λ = 0.26473 Å) that could correspond to a new phase that has not yet been identified. AIRSS calculations carried out in collaboration with Prof. Chris Pickard (Cambridge) have revealed that the C-N-H system is rich in potential structural polymorphs that might be produced stably or metastably during HPHT experiments, thereby providing interesting targets for future experimental and computational studies [71] .
Compression studies of layered carbon nitrides
By analogy with the phase diagram of pure carbon, sp 2 -bonded graphitic forms of C 3 N 4 were expected to form the most stable structures at ambient pressure. These were first modelled as polytriazine motifs with C 3 N 3 rings linked by -N = units to form planar sheets related to what later became recognized as 'graphene', containing C 6 N 6 ring voids [5, 72, 73] . Such a structure was proposed for the nanocrystalline materials prepared as thin films by CVD methods, and demonstrated to have C 3 N 4 stoichiometry [74] . A bulk crystalline variety of this graphitic phase was recently described by Algara-Siller et al. [75] .
Zhang et al. first prepared a new type of carbon nitride layered structure, by condensing melamine and cyanuric chloride under HPHT conditions (p = 1-1.5-2 GPa; 500-600°C) to form a yellow crystalline solid. The composition was determined to be C 6 N 9 H 3 .HCl [76] . The structure was determined to consist of planar layers with C 6 N 9 H 3 (i.e. C 2 N 3 H, as found for both Liebig's melon and the sp 3 -bonded dwur structure described above) composition. The graphene-like sheets contained larger (C 12 N 12 ) voids than for the C 3 N 4 polytriazine model described above, with -(NH)-units bridging between the C 3 N 3 rings. The Cl − ions were located within the large [65] . Peaks due to the NaCl PTM have been removed. C 12 N 12 rings, and the additional protons were accomodated by bonding to adjacent N atoms of the triazine rings [76] [77] [78] . The behaviour of this material at high pressure was studied by synchrotron XRD in the diamond anvil cell, beginning with initial studies at Daresbury SRS [64, 70] and then at ESRF (ID27) and DLS (I15) [8] . The interlayer (002) reflection shifted rapidly to small d spacing values during initial compression, as expected for a layered solid. Above 10 GPa the diffraction peaks became broadened but remained recognizable up to 36 GPa. However, by 40 GPa the diffraction pattern had changed significantly to become dominated by a broad asymmetric feature at approximately 13 o 2θ (λ = 0.3738 Å) [8] . Carrying out DFT calculations allowed us to interpret these structural changes. Between 10 and 20 GPa, the initially flat carbon nitride layers buckle around the -(NH)-linkage sites acting as 'hinge' positions, and the Cl − ions are displaced along the original c axis towards previously interlayer sites. By approximately 40 GPa, a structure containing C-N bonds between atoms that were previously in adjacent layers begins to become stabilized. Within the periodic boundary conditions applied for the DFT calculations, this resulted in the formation of sp 3 -hybridized C,N 'nanotubes' running throughout the structure, linked laterally by sp 2 -bonded ring units (figure 4) [8] . This result is linked to recent interest in C-and C,N-based 'nanothreads' produced from organic molecular precursors under high-P conditions [79, 80] . In our experiments, the broadened diffraction features indicates that the interlayer bonding occurred in a random fashion [8] .
In our preliminary experiments, a C 6 N 9 H 3 .HCl sample was loaded into a DAC using NaCl as a PTM, compressed to 30 GPa and heated at UCL using a CO 2 laser. The loaded DAC was then transported to ESRF ID27 for XRD examination. The laser heating had resulted in a series of crystalline peaks appearing (figure 4). To confirm the results, a second sample was loaded with LiF as PTM and heated at the beamline using Nd 3+ :YAG laser excitation with a small quantity of Re powder added to the sample to act as an absorber of the near-IR radiation [70, 78] . Laser heating a sample compressed to 30 GPa resulted in appearance of sharp crystalline peaks (figure 4). The results did not correspond to the diffraction pattern expected for the pillaredlayered phase predicted using DFT calculations at high pressure, but some similarities emerged as the sample was decompressed to ambient pressure. Initial attempts to find a structural solution were described in the PhD thesis of A. Salamat [65] . These preliminary results indicate fertile ground for future studies combining LH-DAC and synchrotron XRD studies.
In more recent work, we examined the high-pressure transformation behaviour of graphitic carbon nitride with a crystalline triazine-based g-C 3 N 4 structure (TGCN) described by AlgaraSiller et al. [75] . A sample flake was loaded into a DAC using Ne as the PTM, compressed to 53 GPa where the initial graphitic peaks had broadened and disappeared, while monitoring the structural changes using synchrotron XRD at ESRF ID27 during CO 2 laser heating experiments [10, 81, 82] . After heating, the pressure was found to have decreased to 44 GPa and a series of crystalline diffraction peaks appeared. These could not be indexed to any of the predicted dense C 3 N 4 phases. However, in a parallel series of AIRSS calculations designed to sample and study the relative stabilities of different stable and metastable C 3 N 4 structures across a wide range of high-P regimes, it was predicted that new open-framework phases based on mixed sp 2 -sp 3 bonded units might exist, that might even be competitive with the graphitic layered structures at ambient PT conditions [10] . We tested these potential structures and their predicted diffraction patterns against the observed data, and found a match to the series of d spacings observed in the compound recovered to ambient conditions. The relative intensities did not correspond between the predicted and observed patterns, but we noted that the experimental data consisted of diffraction spots from a few crystalline regions contained within the sample, rather than a powder average. The best fit structure had orthorhombic symmetry within a P4 3 2 1 2 (or P4 1 2 1 2) space group, and contained triazine ring units linked into a three-dimensional framework structure by sp 3 bonded C atoms [10] . This constitutes a new structure type within the C-N system, that deserves further study. In very recent studies, methods similar to those used by AlgaraSiller et al. to obtain the TGCN-structured g-C 3 N 4 used as a precursor for our HPHT synthesis studies were shown to give rise to more C-rich graphitic layered materials, with compositions between C 3 N 4 and C 4 N 3 [83, 84] . Taken together with the additional structures suggested by our work on the C 2 N 3 H composition described above, these observations indicate new areas for further exploration using advanced synchrotron-based techniques combined with laboratory experiments and ab initio theoretical investigations.
Layered carbon nitrides for functional applications
Layered to polymeric materials in the C-N and C-N-H systems combine several useful properties including their wide-gap semiconducting nature, with a bandgap extending into the visible region that straddles the H + /H 2 and O 2 /H 2 O redox potentials for water splitting, the availability of exchangeable protons as N-H species, and lone pairs located on the N atoms. These functionalities are being investigated for applications ranging from catalysis and photocatalysis, to possibilities for electronic and ionic charge storage, and for providing active tethering sites for catalytic metal nanoparticles [14] . In addition, certain materials exhibit an unpaired electron signature leading to possibilities for information storage, as well as unusual magnetic properties [84] . In recent work supported by the EPSRC and the EU Graphene Flagship, our group has been investigating the electrochemical properties of functionalized carbon nitrides and graphene samples as catalyst supports for PEM fuel cells and electrolysers [11, 12, 15] , and have been developing operando XAS measurements during electrochemical test studies at the new dispersive XAS beamline (I20-EDE) at Diamond, in collaboration with DLS researchers and the group of Prof. Andrea Russell at Southampton University (Jervis & Leach et al. [85] ).
Exfoliation and dissolution of low-dimensional carbon nitrides
As an important class of layered solids, there has been interest in studying their exfoliation to produce single-to few-layered two-dimensional nanomaterials related to graphene, but with wide-gap semiconducting properties and added chemical functionality [86] . Most studies have investigated mechanical or chemical exfoliation in the presence of a liquid phase, to create colloidal suspensions or true solutions containing the two-dimensional species [87, 88] . Small angle neutron scattering (SANS) has been used to establish the nature of C 'nanotubide' and graphenide anions in solution following framework charging and exfoliation [89, 90] . We recently observed the spontaneous exfoliation and dissolution of layered carbon nitrides with a PTI structure containing intercalated Li + and Cl − or Br − species when placed in contact with polar liquids including DMF, DMSO and NMP without exchangeable protons [16, 17] . Other studies in H 2 O indicate H + /Li + exchange between the PTI solid and the solvent resulting in pH changes [17, 91] . We are currently engaged in combined neutron and high-energy synchrotron X-ray scattering experiments to establish the nature of the dissolved species, and their effects on the surrounding solvent (Wilding et al. [92] ). 
Summary and Conclusion
Our synchrotron studies of HP-HT synthesis and physical properties of new nitride materials have revealed a series of interesting structures and reaction pathways, and have also pointed towards a rich variety of stable and metastable structure types with potentially useful properties that should be explored in future investigations. Areas that deserve further attention include both metallic and high oxidation state transition metal nitrides and carbonitrides, as well as main group semiconducting nitrides and new dense framework structures based on the light elements C-N-O. In our more recent work, synchrotron X-ray spectroscopy is contributing to new understanding of the oxidation state changes and interactions between catalytic metal nanoparticles and light element supporting materials that occur during electrochemical processes, important for energy storage and conversion devices. In addition, synchrotron X-ray combined with neutron scattering is leading to new insights into the nature and solvation mechanisms of low-dimensional nanomaterials prepared by spontaneous exfoliation and dissolution processes. 
